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Crystal structures of the Asp 96 to Asn mutant of the light-driven proton pump bacteriorhodopsin and its M photointermediate produced by illumination at ambient temperature have been determined to 1.8 and 2.0 angstroms resolution, respectively. The trapped photoproduct corresponds to the late M state in the transport cycle-that is, after proton transfer to Asp 85 and release of a proton to the extracellular membrane surface, but before reprotonation of the deprotonated retinal Schiff base. Its density map describes displacements of side chains near the retinal induced by its photoisomerization to 13-cis,15-anti and an extensive rearrangement of the three-dimensional network of hydrogenbonded residues and bound water that accounts for the changed pK a values (where K a is the acid constant) of the Schiff base and Asp 85 . The structural changes detected suggest the means for conserving energy at the active site and for ensuring the directionality of proton translocation.
Active transport of ions against their electrochemical potentials across cell and organelle membranes is carried out by proteins that couple an energy-yielding reaction, such as hydrolysis of adenosine triphosphate, electron transfer, or isomerization of retinal, to the transmembrane movement of ions. The mechanism of this kind of transport is a major, still unsolved, problem of membrane bioenergetics. A satisfactory mechanism will explain how the free energy gain from the driving reaction is used to change, in an ordered way, the affinities of binding site(s) for the transported ion and how the alternating accessibility of these ion binding site(s) to the two membrane surfaces is mediated. Crystallographic structures are available for only a few transport proteins, and much effort is expended to improve their resolutions to give unambiguous answers to these questions.
Bacteriorhodopsin is a light-driven proton pump, energized by the all-trans to 13-cis photoisomerization of the retinal chromophore (1) . This small (26 kD) protein consists of seven transmembrane helices, A through G, and short extramembrane segments (2) (3) (4) (5) . The structure of the unphotolyzed (BR) state, determined most recently at 1.55 Å resolution (6) , revealed a three-dimensional interconnected hydrogenbonded network of protein residues and water molecules between the centrally located protonated retinal Schiff base and the extracellular surface and provided clues about how release of a proton to the extracellular membrane surface might be coupled to deprotonation of the Schiff base. The local -bulge distortion of helix G, with hydrogen bonding of two main-chain CϭO groups to water molecules (6) , suggested, in turn, that translocation of a proton from the cytoplasmic surface to the Schiff base might be linked to the shift of the protein conformation evident from low-resolution difference maps (7, 8) . Understanding how these processes cause the unidirectional translocation of a proton requires description of the structural changes in the J, K, L, M, N, and O intermediates (9) of the transport cycle. The overall structure of the protein and the sequence of proton transfers that add up to the full translocation of a proton from one side of the membrane to the other are shown in Fig. 1 . The crucial intermediate is the M state, because in M the Schiff base is deprotonated, Asp 85 to its extracellular side is protonated, and a proton has been released to the surface, but Asp 96 to its cytoplasmic side has not yet become deprotonated-that is, this state is after step 2 but before step 3 in Fig. 1 .
From spectroscopic and kinetic measurements of wild-type and mutant bacteriorhodopsins, several substates of the M intermediate have been identified and distinguished by their accessibilities to the two membrane surfaces. In the early M state or states, the proton connectivity of the Schiff base is to the extracellular side, whereas in the late M state(s) it is to the cytoplasmic side (10, 11) . Transition of M 1 to M 2 (12) is associated with proton release to the extracellular surface (10, 13) . Under physiological conditions, the pH is well above the pK a (where K a is the acid constant) for proton release, making the M 1 to M 2 reaction unidirectional and shifting the protonation equilibrium between Asp 85 and the Schiff base in the kinetic scheme (L 7 M 1 ) fully toward deprotonation of the Schiff base (that is, L 7 M 1 3 M 2 ).
There is some uncertainty about the timing and the nature of structural changes in the photocycle. From low-resolution difference maps in projection, it is evident that large-scale changes of helices F and G at the cytoplasmic surface occur in the late M state (7, 14) . In contrast, large changes of amide I bands in Fourier transform infrared spectroscopy (FTIR) difference spectra (15) , and displacement of helix F as measured by spin-spin coupling of labels on cytoplasmic interhelical loops (16) , are seen only in the N state. In the Asp 96 to Asn (D96N) mutant, reprotonation of the Schiff base is greatly slowed, and the late M state (14) but was anticipated from a structural difference between the D85N and D85N-D96N mutants (20) .
M State: Structural Changes in the Retinal
Data and refinement statistics for the M state of the D96N mutant are shown in Table 1 . Because of local disorder at the cytoplasmic ends of helices F and G, the quality of electron-density maps and the crystallographic R factors of this photocycle intermediate are inferior to those of the BR state. We report here only features that are common to four independently collected and refined M state structures.
According to overwhelming evidence from resonance Raman and nuclear magnetic resonance spectra, the configuration of the retinal in the M state(s) is 13-cis,15-anti. The disposition of the polyene chain and its changes in M as well as its angle to the membrane plane and its changes have been estimated from transient linear dichroism in the visible and the infrared (21) during the photocycle. Earnest et al. (21) reported the angles between the conjugated system of the retinal and the bilayer plane in the BR and M states to be 21°and 28°, respectively. The positions of the ring and the 13-methyl group in the unphotolyzed state have been determined by neutron diffraction of protein with specifically deuterated retinals (22) . In M the retinal indeed assumes the 13-cis,15-anti configuration (Fig. 2) . The kinking of the cis-retinal moves the polyene chain between C-10 and the Schiff base nitrogen toward the cytoplasmic side. The largest relative movement is for C-14, which is displaced by 1.7 Å. The 13-methyl group moves by 1.3 Å toward the cytoplasmic side. In comparison, the movement of the ␤-ionone ring by 0.4 Å toward the Schiff base is relatively minor. The measured angles between the conjugated system of the retinal and bilayer plane for the BR and M states are 20.2°and 29.6°, respectively, which is in excellent agreement with the polarized infrared results (21) .
Structural Changes at the Retinal Binding Site, at the Schiff Base, and in the Extracellular Region
The side chains of several residues in the retinal binding pocket are rearranged in the M state ( ) are moved much less, consistent with its lesser displacement. It appears, therefore, that the steric conflict that develops upon rotation of the C-13ϭC-14 double bond between the retinal chain and the protein involves primarily the 13-methyl group and the side chains of three residues that make contact with it and with the retinal chain. The slowing of thermal reisomerization of the retinal during the photocycle in mutants of Leu 93 (23) as well as in W182F (24) had suggested such an interaction.
CE of Met

118
, which is close (3.6 Å) to the 9-methyl group in BR, is moved by 2.1 Å, but this is probably not a direct response to the isomerization because the 9-methyl group is displaced by Ͻ0.3 Å. Similarly, the rotation of the ring of Phe 219 in Fig. 2 is an indirect response to movement of the retinal.
As shown in Figs. 3 and 4, the active site undergoes considerable rearrangement. In the unphotolyzed state, water 402 accepts a hydrogen bond from the protonated retinal Schiff base and donates hydrogen bonds to the anionic Asp 85 and Asp 212 (4, 6) . This complex forms the center of a network that stabilizes the separated charges in this buried region. Either because of the isomerization of the retinal, or because of the proton transfer that follows it, water molecules 401, 402, and 406 are replaced by a single water, 401, that is moved from its position in the BR state by 1.9 Å and that now occupies the center of gravity of the former three water molecules (Fig. 3) (25) , and it has been assumed that this is largely because the retinylidene nitrogen is displaced into a highly hydrophobic region by isomerization of the retinal, as we now find. In the new environment of the Schiff base, the geometry for a hydrogen bond with water 402 that is polarized by Asp 85 (Fig. 3) is consistent with dehydration as the cause of the high frequency of the protonated carboxyl stretch of this residue (27) .
Toward the extracellular side, a threedimensional network of hydrogen-bonded side chains and water connects the active site of the BR state with the residues that participate in the release of a proton to the extracellular surface upon protonation of Asp 85 -that is, Arg 82 , Glu 194 , and Glu 204 (shown schematically in Fig. 4A ). One continuous chain is through water 406, which connects both Asp 85 (through waters 401 and 406) and Asp 212 (through water 406) to the NH-1 of Arg 82 (6) . This chain is disconnected in M, because water 406 is absent (Fig. 4B) 
Conformational Changes in the Cytoplasmic Region
Low-resolution (Ն3 Å) diffraction difference maps in projection (8, 14) and cryoelectron microscopy of tilted samples (7) had indicated that large structural changes occur in the cytoplasmic (but not the extracellular) region of the protein in the M and N intermediates. The most prominent of these are the tilt of the cytoplasmic end of helix F away from the center of the protein and an increase of density of uncertain origin at helix G. We find that these two helices are strongly and uniquely affected in the M state. From the refined temperature factors of main-chain atoms, it is clear that the cytoplasmic ends of helices F and G are disordered between the E-F interhelical loop and residue 176 and beyond residue 222, respectively (Fig.  5) . This is unlike the BR state of D96N, where these regions could be modeled as far to the surface as residues 162 and 231, respectively. In the region where the temperature factors were low enough to allow modeling, notable root-mean-square deviations between the BR and M states of D96N could be seen in helix G but not in helix F, with the exception of the two residues nearest its disordered segment. The movement of the main chain at these two residues is away from the center of the molecule, as concluded previously from projection difference maps (7, 8, 14) 216 , where the bulge was described (6). The change of the main chain of helix G in the M and BR states is shown in Fig. 6 . The peptide of carbonyl 215, which in the BR state is tilted outward and away from the helix axis, is now aligned with the helix axis. In contrast, the peptide of carbonyl 216, which in the BR state accepts a hydrogen bond from amide 220, is now tilted away, resulting in a loss of the ␣-helical hydrogen bond. These local conformational changes of the bulge are likely a direct consequence of the strain induced by retinal isomerization.
In the unphotolyzed state of the D96N mutant, there is no hydrogen-bonded network in the cytoplasmic half of the protein comparable to that in the extracellular half, although the main-chain carbonyl groups of Ala 215 and Lys 216 are hydrogen-bonded to water molecules 501 and 503 and to water molecules 502 and 504, respectively. Because these features are located where the retinal is bound (to Lys
216
) and because water molecules 501 and 504 are hydrogen-bonded to the NE of Trp 182 (a residue in contact with the retinal) and to ND-2 of Asn 96 (a residue in the proton transfer pathway that leads to the cytoplasmic surface), respectively, they are likely to have functional significance. Indeed, we find that this structure is disrupted in the M state, and no density can be seen for water molecules 501 and 504. The relocation of water 501 must be caused by main-chain and side-chain motions (Figs. 2 and  6 ) that increase the distance between the O of Ala 215 and NE of Trp 182 from 5.4 to 7.6 Å. If there are bound water molecules in the M state in this region, as suggested previously (28 -30) , they are disordered and do not form a hydrogen-bonded network as exists in the extracellular half of the protein. How then is the proton conducted from the cytoplasmic surface to the Schiff base?
The primary barrier to proton conduction in the cytoplasmic region is a constellation of hydrophobic residues that occlude the interhelical cleft (2-6). In Fig. 2 the side chains of the most prominent of these, Leu 93 and Phe
219
, are seen to rotate away to provide the possibility of a pathway between the surface and the Schiff base. Unlike in the wild type, the very slow Table 1 . X-ray data collection and refinement statistics. Crystals of the D96N mutant of bacteriorhodopsin grown in the cubic lipid phase are isomorphous to wild-type crystals and form thin hexagonal plates, typically about 60 m by 60 m by 15 m with space group P6 3 and merohedral twinning (19) . After mechanical extraction of the crystals, the adhering cubic lipid phase was removed by soaking for several hours in 0.1 % octyl glucoside solution containing 3 M sodium phosphate (pH 5.6). Diffraction data were collected from cryocooled (100 K) crystals at beamline 5.0.2 at the Advanced Light Source (ALS, Berkeley) with a 2 by 2 array charge-coupled device (CCD) detector (ADSC, San Diego) and at the microfocus beamline ID13 at the European Synchrotron Research Facility (ESRF, Grenoble) with a CCD detector (MARResearch, Hamburg). For the BR state structure, a single crystal was light-adapted before cryocooling. For the M state structure, a light-adapted crystal was first cryocooled, and then the cryostream was blocked for 3 s while the crystal was illuminated with yellow light (Ͼ520 nm) from a halogen lamp. The crystals became colorless, indicating complete conversion to M with deprotonated Schiff base. Still pictures and a video of the light-induced conversion of a D96N crystal to the M state can be viewed at http://anx12.bio.uci.edu/ϳhudel/br/m/bleach.html. Diffraction images were integrated, scaled, and merged with DENZO/SCALEPACK (39) . The starting model 1C3W (6) was refined against BR-state structure factors with SHELXL-97 (40), taking merohedral twinning into account. The position of the nitrogen of the Asn 96 side-chain amide was unambiguously determined by inspection of the refined temperature factors for both possible conformations. F o ϪF c maps were used to locate additional water molecules. Subsequently, the refined BR-state D96N structure was refined against four independent sets of M state structure factors. In several cases, 20 cycles of conjugate gradient minimization with SHELXL were sufficient to yield 13-cis-retinal without manual refitting. In all cases, the temperature factors for the cytoplasmic ends of helices F and G (residues 162 to 175 and 223 to 231, respectively) refined to values above 60 Å 2 ( Fig. 5) , and the corresponding densities were too poor to allow interpretation. Omit maps and 3F o Ϫ 2F c maps were used extensively in refitting the retinal, side-chain conformations and in locating water molecules. The final M state model includes residues 5 to 156, 176 to 222, the covalently linked 13-cis-retinal, 14 water molecules, and 12 lipid molecules. ) 52.8 48.9 Deviation from ideal bond lengths (Å) 0.009 0.007 Deviation from ideal bond angle distances (Å) 0.025 0.021
where ͗I hkl ͘ is the average intensity of the multiple I hkl,i observations for symmetry-related reflections. †I/(I), average of the diffraction intensities, divided by their standard deviations.
where F o and F c are observed and calculated structure factors, respectively.
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where the test set (5% of the data) is omitted from the refinement in such a way that all structure factors in each of several thin resolution shells were selected to avoid bias due to the presence of merohedral twinning.
decay of the M state of the D96N mutant (at pH 7, ϭ tens of seconds) is limited by proton uptake at the surface (29, 31) , and its greatly increased entropic barrier was suggested to reflect a structural requirement for capturing the proton from the bulk (29) . Presumably, M decay occurs when either hydrogen-bonding groups (of necessity, water molecules) form a transient proton-conducting network from the surface to the Schiff base or mobile water molecule(s) carry a proton through a transiently opened tortuous pathway. This structural transition will not yet have taken place in M N , although the disorder of the cytoplasmic ends of helices F and G hint at conformational changes that make the region above Asn 96 more permeable to water.
Structural Clues to the Mechanism of Proton Transport
The structure of the M state at 2 Å resolution reveals clear changes at the retinal and in the extracellular region that occur after isomerization, proton transfer to Asp 85 and proton release, and less well defined changes in the cytoplasmic region that prepare it for proton uptake in the M-to-N step. What do these changes tell about the way the excess free energy acquired by photoisomerization of the retinal is used to generate an electrochemical gradient for protons across the membrane? Initially, the free energy gain must be localized in a steric and electrostatic conflict between the retinal and its binding site. In the M state, four hydrogen bonds at the immediate active site are broken (Fig. 4) (Fig. 2) to accommodate the upward movement of the 13-methyl group of the retinal. However, we had found (32) that full relaxation of the binding site, so as to favor the 13-cis,15-anti form at the expense of the all-trans form, is realized only after both protonation of Asp 85 and deprotonation of the Schiff base (that is, proton transfer toward the extracellular side) and deprotonation of Asp 96 and reprotonation of the Schiff base (that is, proton transfer from the cytoplasmic side). The central question then is: What determines the direction of these proton movements to and from the Schiff base-that is, what is the nature of the protonation switch?
In principle, the switch may reside in either the retinal or the protein, possibilities that are not necessarily mutually exclusive. Examples for the first include a proposed rotation around the C-14™C-15 single bond of the retinal that would reorient the retinylidene nitrogen after its deprotonation but before its reprotonation (33) , and a proposed change of the curvature of the polyene chain upon deprotonation of the Schiff base that would move the retinylidene nitrogen toward the cytoplasmic side to connect with a proton conducting channel (14) . Studies of the photocycle of the D85N-D96N mutant (34) suggested that, in this case at least, once the retinal is isomerized to 13-cis,15-anti the active site allows access to both directions (local access), and the direction of proton movement is determined by the changing proton conductivities in the extracellular and cytoplasmic halfchannels. If this mechanism is relevant to the function of wild-type bacteriorhodopsin as proposed (34), then for directional transport the proton-transfer pathways to and from the Schiff base must be made and broken in a timely manner.
The configurational changes of the retinal in the M state do not support the idea of rotation of the C-14 -C-15 bond. Although the Schiff base nitrogen is displaced toward the cytoplasmic direction and now faces away from Asp From the pH dependencies of the kinetics of the M 1 -to-M 2 transition, it appeared that the protonation equilibrium that develops between the Schiff base and Asp 85 in the early M state shifts to full proton transfer in the late M state upon release of a proton to the extracellular surface (13) . This would occur through the observed coupling of the protonation states of Asp 85 and the proton release site (26) . The first increase in the pK a of Asp 85 that leads to the L 7 M 1 equilibrium (13, 26, 27) (Figs. 3 and 4) . Thus, it appears that shuttling of the positive charge of Arg 82 between an inward and an outward direction (35) is what mediates the coupling between the protonation states of Asp 85 and the proton release site. After proton release, its high pK a keeps Asp 85 protonated, and this ensures that reprotonation of the Schiff base is from the cytoplasmic side.
In the BR state the cytoplasmic region does not contain an interconnected hydrogen-bonded network, as expected because bacteriorhodopsin does not conduct protons passively. The most severe structural changes during the photocycle are in the cytoplasmic portions of helices F and G (7, 14) . In M N these conformational changes cannot be far from the cytoplasmic surface, because we observe no significant rigid-body displacements of helices F and G, to within 12 and 3 residues, respectively, from the helical ends in the BR state (Fig. 5) . We detect this kind of structural change in helices F and G only as the severe disordering of regions that are ordered in the BR state instead of as a discrete conformational state. A relationship of the tilt of helix F to proton uptake at the cytoplasmic surface had been implied by the alterations of the photocycle kinetics when bulky groups were introduced into this region or helix F was crosslinked (36) . We observe an additional and unusual conformational change near the bilayer center for helix G, at the bulge (Fig. 6 ). It may be because of this change of helix G and residues in the retinal binding site, and the resulting displacements of side chains and bound water, that a transient proton-conduction pathway forms that allows reprotonation of the Schiff base, but the structure of M provides only hints about how this could happen. In the BR state, the peptide of carbonyl 215 is tilted outward and away from the helix axis, and it is connected to Trp 182 NE via water 501. In the M state, the peptide is realigned with the helix axis. In contrast, the peptide of carbonyl 216, which in the BR state is accepting a hydrogen bond from amide 220, is now tilted away from the helix axis, resulting in a loss of the interhelical hydrogen bond due to an increase in the distance between main-chain 220 N and main-chain 216 O from 2.9 to 4.2 Å. The ␣ carbon of Lys 216 moves 1.0 Å toward the extracellular side, presumably because of strain induced after isomerization of the covalently attached retinal.
